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Thermal Stability of Gold Catalyst Supported on Mesoporous
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Abstract: By deposition-precipitation with urea method, gold was loaded on mesoporous TiO, whisker, which was prepared from a potas-
sium titanate whisker precursor through solid phase sintering process. The morphology and structure of these as-prepared catalysts were
characterized by N, adsorption-desorption, X-ray diffraction, and transmission electron microscopy. The reduction of 4-nitrophenol to
4-aminophenol by NaBH, was evaluated as a probe reaction. After calcination at high temperature, the activity of the catalysts supported on
mesoporous TiO, nanofiber was well maintained, and the particle size of gold nanoparticles was hardly changed. This might be attributed to
the peculiar crystallographic structure and mesoporous nanoarchitecture of the mesoporous TiO, whisker.
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Supported nanogold catalysts have attracted much atten-
tion for their high activity and efficiency in various hetero-
geneous catalytic reactions [1-4]. Although the nature of the
active sites is still debatable, it is widely accepted that well
dispersed gold particles with high thermal stability and
strong adhesive force are essential for developing advanced

gold catalysts with stable performances [5,6]. High thermal
stability assures less agglomeration of gold nanoparticles.
Strong adhesion prevents the active components loss during
the reaction processes. There are mainly two types of
methods developed to improve the thermal stability of gold
nanoparticles and their adhesion to support materials. One is
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developing a support with proper nanostructures [7-9]. The
other is modifying gold catalysts with oxide surface layers
[10,11]. Due to the complexity and high cost of the syn-
thetic process of the latter method, choosing porous sub-
strates is considered as a more feasible way. Based on this
concept, nanogold catalysts with high thermal stability and
stable anchoring properties have been successively devel-
oped by confining the presynthesized gold clusters into hi-
erarchic porous oxide materials [5,7,12].

Because of the high reactivity and possible strong metal
support interaction (SMSI) effects [13], titania is thought to
be the most prominent oxide support material for gold
nanoparticles. However, the porous architectures of titania
materials with high surface area always tend to collapse at
high temperature, which further decrease the usability as a
gold catalyst support. Besides, the complex synthetic pro-
cedures and residual impurities of porous titania architec-
tures also limit their applications.

In our previous work, we synthesized a highly crystal-
lized mesoporous titania nanofiber with high thermal stabil-
ity, in which the specific surface area of 139 m%g was
maintained after calcination at 500 °C for 2 h [14]. Our re-
cent study also revealed that the mesoporous titania nanofi-
ber prepared from K,Ti,Os was a core-shell structured
TiO,(B)-anatase bicrystalline titania (denoted as mb-TiO,)
[15,16]. Stable anchoring of Pt nanoparticles onto this
core-shell structured titania resulted in a rather higher and
more stable photocatalytic hydrogen production perform-
ance [17]. The mesoporous titania nanofiber was also used
as a gold catalyst support [9,18]. Compared with commer-
cial nonporous P25 (Degussa AG) gold loaded on
mesoporous titania nanofiber performed a better activity in
low-temperature CO oxidation. However, the thermal sta-
bility of the Au/TiO, catalyst based on the mesoporous
bicrystalline titania was not evaluated yet. In the present
paper, the AU/TiO, catalyst prepared by homogeneous
deposition-precipitation method was treated at high tem-
perature under inert atmosphere and then tested in the cata-
Iytic reduction of p-nitrophenol (PNP) to investigate its
thermal stability.

1 Experimental

1.1 Preparation of TiO,(B) coated mesoporous anatase
nanofiber and gold catalysts

TiO,(B) coated anatase nanofiber was prepared by fol-
lowing our previous work [15]. Calcination of the dried
sample was performed in a muffle oven at 600 °C in air for
2 h. After cooling naturally, TiO,(B) coated mesoporous
anatase nanofibers were synthesized (denoted as mb-TiO,).

Gold (2.0 wt%) was deposited on as-synthesized TiO,

nanofibers by deposition-precipitation with urea method. In
a typical procedure, excess urea (7.56 g) was dissolved in
300 ml of 0.52 mmol/L HAuCI, solution at room tempera-
ture. About 1.5 g titania support was then added into the
yellow solution, the resulting mixture was heated at 80 °C
for 3 h under vigorous stirring. The suspension was then
filtered and washed several times until no chloride ions
were detected by AgNO; solution. The solid product was
oven-dried at 60 °C for 12 h and calcined at 300 °C for 2 h
in static air before subsequent modification or activity
evaluation.

In order to investigate the thermal stability of the
nanogold catalyst, the fresh Au/mb-TiO, was further cal-
cined at 500 °C for 2 h in flowing helium gas (50 ml/min)
before activity test. The recalcined gold catalyst was de-
noted as Au/mb-TiO,-R. For comparison, gold was loaded
on commercial titania (P25, AEROXIDE) and recalcined
following the same procedure. The recalcined Au/P25 was
further denoted as Au/P25-R.

1.2 Characterization techniques

The crystal phase of the raw material and products was
determined by powder X-ray diffraction (XRD, Bruker D8,
Cu K, radiation). The sample morphology was evaluated by
transmission electron microscopy (TEM, Philips Tecnai
G220 S-TWIN) at 200 kV. The textural properties were
studied by N, adsorption-desorption measurements (ASAP
2020M) at liquid nitrogen temperature. Before analysis, the
samples were degassed for 2 h at 150 °C under vacuum. The
gold content of catalysts was detected by inductively cou-
pled plasma optical emission spectrometer (ICP-OES, Op-
tima 2000DV, USA).

1.3 Catalytic performance

Catalytic activity measurements were performed for the
reduction of PNP to p-aminophenol (PAP) by NaBH, (liquid
phase) at room temperature. The typical reduction proce-
dure was carried out as follows: 50 mg Au/TiO, catalyst was
quickly added into 60 ml aqueous solution mixed PNP (3
mmol/L) and NaBH, (0.05 mol/L), and then the mixture
was vigorously stirred at room temperature until the yellow
solution became colorless. The reduction process was
monitored by measuring the extinction of solution at 400
nm as a function of time using a spectrophotometer
(UNICO UV-2802S).

2 Results and discussion

2.1 Structure properties of catalysts
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The phase constitutions of TiO, and the gold loaded sam- ) 140 @
ples were shown in Fig. 1. Obviously, we can find that al- mg 120 - _
most all the diffraction peaks of the Au/TiO, samples can be § 128 r Xb/-TIbO%'O
. . o - —— AU/MD- 110,
indexed to (10'1), (004), and (200) peaks, corresponding to 5 ol AWMb-TiO,-R
anatase type TiO, (JCPDS 21-1272). (110) and (101) peaks ® 20
of rutile type TiO, were also detected in Au/P25 and g 20 L
Au/P25-R, indicating the mixed phase nature of commercial CS; 0
P25 titania. Besides anatase phase, characteristic peaks of 0'0 0'2 0'4 0'6 0'8 1'0
TiO,(B) phase were also confirmed in Fig. 1(1) and (2), ' ' - ) ' '
~ ) ] ) Relative pressure (p/po)
which was consistent with our previous work [14-16]. = r
Moreover, no rutile type TiO, were observed in Au/mb-TiO, g 0.04 (®)
after thermal treatment, which reflected the high phase sta- ;? 0 03'_
bility of mb-TiO,. No gold peaks were shown in the XRD 5 . b-Ti
. . . X . . o 0.02- —o— mb-TiO,
patterns, which might be attributed to the high dispersion of E I —e— Au/mb-TiO,
gold and/or the very low gold loading. 'S 0.01} —2— Au/mb-TiO,-R
° I
o Anatase = TiO,(B) & Rutile & 0.00- ) o
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- - @ Pore diameter (nm)
Fig. 2. N, adsorption-desorption isotherms (a) and pore size distribu-
2 . . @) tions (b) of mb-TiO,, Au/mb-TiO,, and Au/mb-TiO,-R.
2
[}
S 1 condition since the BET surface area and pore volume of
- . o . ° @ the catalyst were almost the same as the titania support itself
A (shown in Table 1). The nanopores of the titania support
. . was not easily blocked by the gold nanoparticles. That
. - - @ might be attributed to the rather larger pore size compared
| L | | | L | L | - - . .
10 20 30 20 50 60 with the. gold particle size and also the |0V\{ gold loading
24(°) amount in the catalyst. These results were first proved by
Fig. 1. XRD patterns of gold catalysts supported on mb-TiO, (1, 2) the pore size distributions of these samples calculated by

and P25 (3, 4) before (1, 3) and after (2, 4) high temperature treat-
ments.

N, adsorption-desorption isotherms of mb-TiO,,
Au/mb-TiO,, and Au/mb-TiO,-R samples were shown in
Fig. 2. These three samples have similar type IV isotherms.
The N, adsorption amounts are nearly unchanged after
loading gold and treating at high temperature, indicating
that the mesoporous architecture was well maintained not
only after gold loading but even after thermal treatment at
500 °C for 2 h. It’s a crucial and positive factor for devel-
oping thermal stable gold catalyst. Meanwhile, the loaded
gold nanoparticles were considered to be in a well dispersed

applying the BJH approach to the desorption branches of the
corresponding isotherms, as shown in Fig. 2. The pore size
distributions of all the samples were relatively narrow and
centered at around 10 nm. There is only a small change in
the pore size distribution for the sample after high tempera-
ture treatment, which was attributed to the slight growth of
the titania nanocrystals. Table 1 summarized the physical
properties of the supports and catalysts. Specifically, the
BET surface area of mb-TiO, was 56.1 m?/g, and slightly
higher than that of commercial P25 (50.2 m?/g). Moreover,
the BET surface areas for both samples were not decreased
obviously after loading gold and the further high tempera-
ture treatment.

Table 1 Chemical component, physical properties, average gold particle size, and rate constant of the samples

Sample BET surface BJH pore Pore volume Actual loading Average gold Rate constant of PNP
area (m?/g) diameter (nm) (cm®/g) of gold (%) particle size (nm) reduction (min™)

mb-TiO, 56.1 11.6 0.193 — — —
Au/mb-TiO, 53.5 11.5 0.189 1.960 6.6 0.151
Au/mb-TiO,-R 49.6 11.0 0.189 1.960 7.3 0.152

P25 50.2 — — — — —

Au/P25 48.3 — — 1.965 6.4 0.134
Au/P25-R 44.4 — — 1.970 11.0 0.097
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Electron microscopy techniques were used to investigate
the microstructures and morphologies of both the titania
support and the gold nanoparticles. TEM image of a typical
mb-TiO, sample is shown in Fig. 3(a). The nanofibrous
morphology was derived from the titanate precursor. Most
of the samples were nanofibers with uniform size and had
good nanofiber morphology, their average diameter was
0.1-0.3 um and the average length was 1.5-5.0 um. A deep
insight into the fine structure of Au/mb-TiO, and
Au/mb-TiO,-R can be obtained by further TEM and
HRTEM observations. Figures 3(b) and (d) showed the lar-
ger scale TEM images of Au/mb-TiO, and Au/mb-TiO,-R,
respectively. It reveals that gold loaded nanofibers kept the
same morphology as mb-TiO, and the gold nanoparticles
were well dispersed both on the outer surface and in the
mesopores of mesoporous titania nanofibers, even after high
temperature treatment. In addition, we focused on the parti-
cle size distributions of the gold nanoparticles before and
after thermal treatment. On our previous assumption (from
N, adsorption-desorption results), the particle size of gold
might be less than the pore diameter of the titania support,
thus, numerous 5-15 nm diameter bright spots in Figs. 3(b)
and (d) must correspond to the mesopores of mb-TiO,,
which were well arranged along the longitudinal direction
of the nanofiber. In the same direction, 20-30 nm wide
nanocrystallites aligned loosely, with mesopores presented
between them. The dark spots in Figs. 3(b) and (d) were
then considered as gold nanoparticles. That was also proved
by a typical HRTEM investigation of a single gold nanopar-
ticle on the Au/mb-TiO, sample, shown in Fig. 3(c). The d
spacing of the ellipsoidal particle was measured as 0.23 nm,

which was considered as the typical (111) plane distance of
metallic gold. Furthermore, at least three different direc-
tional lattice fringes of 0.23 nm were observed, which indi-
cate that the gold nanoparticle is a highly crystallized poly-
crystalline cluster. In order to investigate the effect of high
temperature treatment on the average gold particle size,
more TEM images of Au/mb-TiO, and Au/mb-TiO,-R were
recorded. Though the similar preparation method was used
as in the literatures [19,20], much larger gold particles were
obtained in the present work. That might be attributed to the
different preparation conditions. From our previous work
[9], the gold loading is set as 1.0 wt%, which was insuffi-
cient for the precise average particle size calculation. How-
ever, the average gold particle size data which will be ob-
tained in the present work should be much more reasonable
because of the rather higher gold loading and the more uni-
form dispersion behavior. The average gold particle size
was then calculated based on a total particle number of over
160 (shown in Table 1). It was found that after high tem-
perature treatment, the gold nanoparticles size on mb-TiO,
sample increased slightly from (6.6+1.6) nm to (7.3t1.4)
nm, while that on commercial P25 titania nanopowder grew
dramatically from (6.4+1.3) nm (Fig. 3(e)) to (11.0£2.1) nm
(Fig. 3(f)). The histograms of gold particles size distribution
for the catalysts were also shown in Fig. 4.

From the above TEM analysis, we can find that gold
nanoparticles were more stable on the mesoporous titania
nanofiber than on commercial P25 when the gold catalysts
were treated at 500 °C for 2 h in helium atmosphere. This
result was briefly attributed to the distinct support effect
since the same synthesis parameters were introduced for

Fig. 3. TEM and HRTEM image of mb-TiO,(a), Au/mb-TiO, (b, c), Au/mb-TiO,-R (d), Au/P25 (e), and Au/P25-R (f). Inset of (c) was the FFT

image of the selected square area.
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2.2 PNP reduction
a0l @ 1 Au/mb-TiO,

- . Aufmb-TiO-R In order to understand the thermal stability of gold

g 30+ nanoparticles, PNP reduction was introduced as a model

E I reaction to test the catalytic performances of the gold cata-

§ 20 lysts before and after thermal treatment. The catalytic ac-

§ 10 _ tivities of both the fresh and recalcined catalysts were pre-

40 - (b)

1 Au/P25
I Au/P25-R

Frequency (%)

0 3 6 9 12 15 18
Particle size (nm)

Fig. 4. Particle size distributions of Au/mb-TiO, and Au/P25. The
total number of gold particles for calculation was 160.

both gold catalysts. Despite the gold catalysts supported on
different types of supports [21,22], even for the ideal titania
surface [23], the localized conditions (reduced, oxidized, or
hydrated surfaces) will have great effect on the nucleation
and bonding behaviors of nanogold clusters. In this work,
the gold-titania interface of Au/mb-TiO, was different from
any conventional Au/TiO, catalysts due to the peculiar
TiO,(B) coated anatase architecture of the mesoporous tita-
nia nanofiber. Recently, TiO,(B) materials have received
much attention for their outstanding performances in Li* ion
battery [24], photocatalysis [15-17], and other environ-
mental and energy related applications. However, to the best
of our knowledge, TiO,(B) materials have never been ap-
plied as a support of nanogold catalysts. Due to the metast-
able structural features and the lower thermodynamic stabil-
ity of TiO,(B) with respect to rutile, anatase, and brookite
TiO,, different metal support interaction was expected for
Au/mb-TiO,. The highly crystallized surface TiO,(B) layers
must play an important role in stabilizing the gold nanopar-
ticles. Besides, the special mesoporous structure should also
be taken into account. Considering that the pore diameter of
mesoporous titania nanofiber was only slightly larger than
the average particle size of gold, each gold nanoparticle
should be located into one nanopore, which was constructed
by the directionally three-dimensional assembly of titania
nanocrystallites. The nanoarchitecture not only provided
anchoring sites for the gold nanoparticles but also prolonged
the distance between the nearest gold nanoparticles, which
were all beneficial for preventing gold nanoparticles or at-
oms from migration and agglomeration.

sented in Fig. 5. The ratio of C, and C,, where C, and C
represent PNP concentrations at time ¢ and 0, respectively,
was measured from the relative intensity of the respective
absorbances. The linear relations of In(Co/C,) versus time
were observed for all the tested catalysts, indicating that the
PNP reduction reaction followed first-order kinetics. The
rate constants were also estimated from first order reaction
kinetics using the slopes of straight lines in Fig. 5. The rate
constants decreased from 0.134 to 0.097 min when
Au/P25 was recalcined at 500 °C, while the reaction rate on
Au/mb-TiO, was nearly maintained as 0.15 min™* (Table 1).

1.6
= Au/P25
12+ o AuP25-R
v Au/mb-TiO,
§08 v Au/mb-TiO,-R n
3
= .
0.4
0.0
L 1 L 1 L 1 L 1 L
0 2 4 6 8 10
Time (min)

Fig. 5. Aqueous phase reduction of PNP by NaBH, over different
gold catalysts.

The kinetic reaction rate constants, &, with different gold
contents supported on mb-TiO, were shown in Fig. 6. In the
range of 0.5%—2% loading amount, all the catalysts showed
the similar activation after recalcination. This indicates that

0.16
0.14 1
‘C
E 0.12
=
0.10- g —=— Fresh
--o - After treatment
008 L | L | L | L |
0.0 0.5 1.0 15 2.0

Gold content (%)

Fig. 6. The kinetic constant £ of PNP reduction with different gold
content supported on mb-TiO,.
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gold nanoparticles were more stable on the mesoporous
titania nanofiber, which was consistent with the TEM re-
sults. It was reported that an increase of the particle size
always leads to a decrease in the fraction of low coordina-
tion metal sites such as vertices, edges, and Kinks, which
can promote the adsorption of reactants and facilitate the
reaction. The decrease of the reaction rate of Au/P25 might
be attributed to this reason.

In this reaction, the gold nanoparticles played a key role
as an electron transfer mediator between BH, and PNP
molecules [25]. The catalytic rate of the gold catalysts de-
pends mainly on the availability of the active surface area.
Here, for the gold nanoparticles supported on mesoporous
titania nanofiber, the slight particle growth assured a similar
total metal surface area available for the reactant adsorption
and activation. This assumption was experimentally con-
firmed by the apparent size-controlled activity for the gold
catalysts in PNP reduction. The stable PNP reduction per-
formance and sinter-resistant behavior of Au/mb-TiO,-R
suggested that the titania nanofiber with the peculiar crys-
tallographic structure and mesoporous nanoarchitecture
could be used as an excellent sinter-resistant support mate-
rial for other noble metal nanocatalysts.

3 Conclusions

The thermal stability of gold catalysts supported on the
mesoporous titania nanofiber and commercial P25 materials
were compared by using PNP reduction as a model reaction.
From TEM images, it seems that gold nanoparticles size on
the mesoporous titania nanofiber was nearly maintained
after calcination at high temperature, while that supported
on P25 changed dramatically. It indicates that titania nano-
fiber with the peculiar crystallographic structure and
mesoporous nanoarchitecture could be used as an excellent
sinter-resistant support material for other noble metal nano-
catalysts. This result was also experimentally confirmed by
the p-nitrophenol reduction reaction.
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